Our understanding of the mechanisms that regulate tissuespecific mucosal defense can be limited by the lack of appropriate human in vitro models. The endocervix lies between the microbe-rich vaginal cavity and the relatively sterile endometrium and is a major portal of entry for Chlamydia trachomatis, Neisseria gonorrhoeae, Mycoplasma genitalium, human immunodeficiency virus (HIV), and herpes simplex virus (HSV) infection in women. The endocervix is lined with a simple epithelium, and these cells produce mucus, which plays a key role in immune defense and reproduction. Here we describe the development of a human three-dimensional endocervical epithelial cell model generated by rotating wall vessel bioreactor technology. The model is composed of cellular aggregates that recapitulate major structural and barrier properties essential for the function and protection of the endocervix, including junctional complexes, microvilli, innate immune receptors, antimicrobial peptides, and mucins, the major structural component of mucus. Using this model, we also report, for the first time, that the membrane-associated mucin genes MUC1, MUC4, and MUC16 are differentially regulated in these aggregates by different bacterial and viral products. Differential induction of antimicrobial peptides was also observed with these products. Together these data define unique and flexible innate endocervical immune signatures that follow exposure to microbial products and that likely play a critical role in the outcome of pathogen challenge at this site.
INTRODUCTION
The female reproductive tract (FRT) is a complex and dynamic biosystem of cells that must be responsive to changing environmental conditions such as hormone fluxes, commensal flora, and challenge by sexually transmitted pathogens [1, 2] . The FRT can be divided into regions based on the structure and functions of the cells that populate each site. The lower FRT, which includes the vagina and ectocervix, is covered with multiple layers of stratified squamous epithelial cells (EC) [2, 3] . This region is a major portal to the external environment and is repeatedly exposed to potentially damaging factors such as pathogens, chemicals, and physical stresses [1, [4] [5] [6] . In contrast, the upper FRT, which includes the uterus, endometrium, fallopian tubes, and endocervix, is composed of a single layer of columnar EC that mostly maintains a relatively sterile environment, with intermittent invasions of ascending microorganisms (both commensal and pathogenic) from the lower FRT [1, 3, [7] [8] [9] [10] .
The endocervix has a unique role in the FRT in that it serves as an interface between the relatively sterile upper and nonsterile lower portions of the tract; this separation is critical in maintaining the general function of the tissues [3, 7, 9, 11] . Endocervical EC attributes that limit microbial access and establishment of infection include tight intercellular junctions, production of mucus, and innate immune mediators [1, 8] . With respect to the first attribute, EC intercellular junctions maintain the integrity and organization of epithelia by regulating molecule translocation and by providing a physical barrier against microbe invasion [4, 8] . The relative impermeability of this endocervical epithelial barrier contrasts with the multilayered lower tract epithelium that commonly allows molecules and microbes to breach its uppermost apical layers [4, 5] .
Mucus is also critical in establishing a protective barrier against molecules and microbes that are present at mucosal sites, and endocervical EC represent the primary source of mucus in the FRT [2, [12] [13] [14] . Mucins are large O-linked glycosylated proteins that are the major structural protein of mucus, and to date, 19 mucins have been identified through cDNA cloning [12, 15, 16] . Mucins can be categorized as gelforming (secreted), membrane-associated, or small soluble mucins, and mucin profiles are site-specific [12, 13, [17] [18] [19] . Mucus not only forms a physical protective barrier against external environmental challenges but also houses an array of antimicrobial molecules [1, 18] .
Antimicrobial peptides (AMPs) are potent broad spectrum antimicrobial proteins that disrupt microbial membranes and metabolic processes and can be found concentrated in the mucus bathing mucosal surfaces [1, 20] . Much of the knowledge about mucin and AMP expression and regulation has been gained by studies of the gastrointestinal (GI) tract [18] . Recent studies, however, provide evidence for sitespecific differences in expression between the molecules in the upper FRT and for the fact that these differ from the GI tract and other mucosal surfaces [1, 7, 9, 21] . While elegant studies investigating AMP function and hormonal regulation of mucins in the FRT have been undertaken, there remains a gap in our knowledge of how microbes regulate mucins and key innate mediators at this site [1, 8, 21, 22] .
Previously, we developed and characterized a threedimensional (3-D) vaginal EC model that forms a stratified squamous epithelium and exhibits ultrastructural features (microvilli, tight junctions, secretory vesicles, and microridges), mucus production, and barrier function that recapitulates the in vivo tissue [23] . Using this rotating wall-vessel (RWV) bioreactor technology, we constructed a human 3-D organotypic endocervical EC model that exhibits critical hallmarks of endocervical EC differentiation including apicalbasal cellular polarity, formation of microvilli, secretory vesicles, desmosomes, and secretory material [2, 3, 17] . Systematic profiling of mucins and AMPs by quantitative RT-PCR also revealed similar levels of expression, as previously reported in endocervical tissue and secretions [12, 19] . We also investigated the mechanisms by which the endocervix regulates these key innate immune defenses following microbe challenge. This led us to identify unique endocervical innate immune signatures following exposure to specific viral and bacterial products. In summary, the 3-D human endocervical EC model provides the field with a physiologically relevant and complementary tool for the study of innate immune barrier and cellular responses of the endocervix and has identified key endocervical epithelial innate mediators that respond to microbial challenge.
MATERIALS AND METHODS

Human Endocervical EC Culture
The characterized endocervical EC line (A2EN) generated from human endocervical explant tissue, as previously described [22, 24] , was grown in keratinocyte serum-free medium (Invitrogen, Carlsbad, CA) supplemented with 5 ng ml À1 human recombinant epidermal growth factor (Gibco, Grand Island, NY), 50 lg ml À1 bovine pituitary extract (Gibco), 22 mg ml À1 CaCl 2 (SigmaAldrich, St. Louis, MO), and 100 lg ml À1 Primocin (InvivoGen, San Diego, CA) [22, 24] . All cell quantification assays were performed using trypan blue exclusion staining and were quantified with the Countess (Invitrogen) automated cell counter following dissociation using 0.25% trypsin (Mediatech, Manassas, VA).
Generation of the 3-D Human Endocervical Model
Construction of the 3-D endocervical EC model was performed as previously described and demonstrated [23, 25, 26] . Briefly, A2EN cells were initially grown as monolayers (ML) in tissue culture flasks as described above and trypsinized, and single-cells suspensions (1 3 10 7 cells) were combined with 0.3 g of type 1 collagen-coated dextran microcarrier beads (Cytodex-3; Sigma-Aldrich). The cell-bead suspension was seeded into an RWV bioreactor vessel (Synthecon, Houston, TX); and the vessel was filled with cell culture medium, placed on a rotator base, and set to rotate at 20 rpm. After 4-5 days of culture and then every day afterward until harvest, 80% of medium was removed and replaced with fresh medium. After 29-35 days of culturing endocervical cells in the RWV bioreactor, we harvested 3-D cellular aggregates for experimental analysis [25] . Prior to use in all assays, cell viability was measured as described above.
Ultrastructural Analyses
Samples were fixed and processed for scanning and transmission electron microscopy (TEM) as described previously [23] . Samples processed for TEM were imaged with a transmission electron microscope (model CM12; Philips), and images were acquired using a charge-coupled device camera and software (model 791; Gatan, Pleasanton, CA). Samples processed for scanning EM were imaged with a scanning electron microscope (Stereoscan 360 FE; Leica, Cambridge Co., Cambridge, U.K.) using EDS 2006 software (IXRF Systems Inc., Houston, TX).
Immunofluorescent Staining and Microscopy
Staining and microscopy were performed as previously described [25] . Briefly, cells were permeabilized with 0.1% Triton X-100 in Dulbecco phosphate-buffered saline, and blocked in 4% bovine serum albumin (BSA; Sigma-Aldrich) for 1 h at 378C. The primary antibodies MUC1 (1:50 dilution; BD Pharmingen, San Jose, CA), epithelial-specific antigen (ESA; 1:50 dilution; Chemicon, Temecula, CA), and claudin-4 (1:200 dilution; Invitrogen) in 1% BSA were incubated with cells overnight at 48C. Cells were washed and incubated for 1 h with the secondary antibody diluted 1:500 (Alexa Fluor 555; Invitrogen) and mounted in ProLong Gold antifade reagent with 4 0 ,6-diamidino-2-phenylindole (DAPI; Molecular Probes; Invitrogen). Cells were imaged using an LSM 7 laser scanning confocal microscope (Zeiss) and analyzed using Zen 2009 Light Edition software.
MTT Assay for Determination of Cellular Viability after Nonoxynol-9 Treatment ML or 3-D endocervical EC were seeded in 24-well plates and treated with 20, 50, 100, and 500 lg ml À1 nonoxynol-9 (N-9) or PBS (control). At 4 or 24 h post-treatment, an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was performed as described previously [25] . Control treatments for each cell type were set at 100%.
Toll-Like Receptor Stimulation and Cytokine/Chemokine Quantification
The 3-D endocervical EC were seeded in 24-well plates and exposed to Toll-like receptor (TLR) agonists (InvivoGen) at 10 lg ml À1 CL097 (imidazoquinoline compound; TLR7/8 ligands), 5 lg ml À1 FLA-ST (purified flagellin from Salmonella enterica serovar Typhimurium; TLR5 ligand), 0.1 lg ml À1 FSL-1 (synthetic diacylated lipoprotein; TLR2/6 ligand), 10 lg ml
, an imidazoquinoline compound; TLR7 ligand), 100 ng ml À1 LPS-SM (purified lipopolysaccharide from Salmonella enterica serovar Minnesota; TLR4 ligand), 5 lg ml À1 MPLA (monophosphoryl lipid A; TLR4 ligand), 5 lg ml À1 PAM 3 CSK 4 , (synthetic bacterial lipoprotein; TLR2/1 ligand), 5 lg ml À1 ODN2006 (type B cytosine-phosphate-guanine oligonucleotide; TLR9 ligand), and 25 lg ml À1 poly I:C (synthetic analog of double-stranded RNA; TLR3 ligand). Cellular supernatants (125 ll) were collected from each well 24 h poststimulation and stored at À208C until analysis. Cytokine analysis was carried out by cytometric bead array using Pro Human custom cytokine assay (Bio-Plex) that contained the following targets: interleukin 6 (IL-6), IL-8, tumor necrosis factor-alpha (TNF-a), interferoninducible protein 10 (IP-10 or CXCL10), and IL1 receptor antagonist (IL1-Ra) (Bio-Plex). Cytokine levels were quantified with a Bioplex-200 machine and analyzed by using version 5.0 manager software (Bio-Rad).
RT-PCR
RNA from ML and 3-D endocervical EC was extracted using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. RNA was quantified using a NanoDrop (Thermo Scientific, Rockford, IL). cDNA was generated from 2 lg of RNA by using iScript (BioRad, Hercules, CA) according to the manufacturer's instructions.
Relative gene expression of selected targets was measured by quantitative RT-PCR (qRT-PCR) analysis, performed with the model ABI 7500 system (Applied Biosystems, Foster City, CA). The 25-ll reaction mixture containing sample cDNA (20 ng), primer sets (300 nM), and FastStart Universal SYBR Green Master Mix with ROX (Roche, Indianapolis, IN) was added to each well in duplicate. Expression of human GAPDH was analyzed in each sample for normalization of total RNA. The sequence of the primers for each target gene is shown in Supplemental Table S1 (supplemental data are available online at www.biolreprod.org). The PCR cycle was as follows: 958C for 10 min, followed by 40 cycles of 958C for 15 sec and 558C for 60 sec, followed by a melting curve analysis. Plasmids containing gene targets for standard controls were constructed according to Applied Biosystems protocol and as previously described [27] . Briefly, human endocervical cDNA was amplified using primer sets listed in Supplemental Table S1 and by ligating product into pGEM-T Easy vector system I (Promega, Madison, WI). To establish a standard curve, we serially diluted the plasmid constructed for each target by 10-fold and used 5 ll of each dilution in the PCR assay.
Statistics
All sample analyses were performed in duplicate unless otherwise stated. An unpaired two-tailed Student t-test was performed using Excel (Microsoft, RADTKE ET AL.
Redmond, WA) or Prism software (version 5.0d; GraphPad, San Diego, CA) analysis. P values of ,0.05 were considered significant, and P , 0.01 was considered highly significant.
RESULTS
Tissue-Like Morphology and Ultrastructure of the 3-D Endocervical EC Model
To construct the 3-D endocervical EC model, we used RWV bioreactor technology and the previously characterized endocervical EC line A2EN [22, 24] . The A2EN cell line was chosen as a result of its primary-like phenotypes, including the expression of TLRs and innate immune mediators [24] . Endocervical EC were initially grown as ML and then introduced into the RWV bioreactor in combination with collagen-coated porous microcarrier beads [23, 25, 28] . The rotation of the bioreactor creates an environment of low fluid shear devoid of cellular sedimentation, and, as a result of this culture environment, cells attach to the beads and form tissuelike cellular aggregates by 28-32 days in culture. Electron microscopy examination of these RWV-generated endocervical EC aggregates revealed several hallmarks of cellular differentiation and polarity consistent with human endocervical tissue ( Fig. 1) [2, 3, 17] . First, scanning EM images revealed a single layer of EC covering the beads with the characteristic ''cobblestone'' appearance at magnifications of 103 and 5003 (Fig. 1A) [2, 3] . Magnification at 50003 also permitted visualization of surface and secreted cellular components. Subsequent evaluation of the 3-D endocervical EC aggregates by TEM (Fig. 1B) allowed for a more detailed analysis of the tissue-like ultrastructures that developed, including i) microvilli, ii) tight junctional complexes/desmosomes, and iii) secretory vesicles localizing at the cell surface. Taken together, these EM images demonstrated clear physical and structural similarities between the 3-D endocervical EC model and previously published EM images of human endocervical tissue [2, 3] .
To more specifically evaluate and better define the ultrastructures observed in the EM images, we performed confocal immunofluorescence microscopy with both 3-D and ML endocervical EC (Fig. 1, C-E) . To first distinguish apicalbasal polarity or orientation of the endocervical EC, we labeled the cells with the basolateral marker ESA antibody (Fig. 1C ) [29] . The ''honeycomb'' pattern staining observed in the aggregates suggested establishment of polarity and differentiation of the cells within the aggregate [2, 3] . In contrast, the staining pattern in monolayers was diffuse and did not localize to the outer cellular junctional complexes. The 3-D endocervical EC labeled with claudin-4, a major cell adhesion molecule of tight junctions [30] , also displayed a honeycomb-like staining pattern, demonstrating the presence of tight junctional complexes between the EC of the aggregate that was not observed in the ML images (Fig. 1D) . Taken together, these data indicate endocervical EC 3-D aggregates are polarized and exhibit in vivo-like localization of tight junctional complexes.
Secreted material observed on the surface of the aggregates in the SEM images (Fig. 1A ) displayed physical characteristics of mucus, a critical player in establishing a protective barrier in the endocervix [12] [13] [14] . Mucins are a major component of mucus, and, using an antibody specific for a mucin known to be present in the FRT, MUC1, we analyzed ML and 3-D aggregates for MUC1 expression, using confocal microscopy ( Fig. 1E) [12, 14] . MUC1 could only be detected by immunostaining in the 3-D EC aggregates. In addition, we quantified MUC1 surface expression on the 3-D EC aggregates by flow cytometry and determined that ;25.4% of the cells forming the aggregates expressed MUC1 on their surface (see Supplemental Fig. S1 and Supplemental Materials and Methods). These data suggested that MUC1 is expressed by the 3-D endocervical EC aggregates, and MUC1 is one potential component of the secreted material observed on the surface of the endocervical aggregates (Fig. 1A) .
3-D Endocervical EC Possess Tight Junctional Complexes and In Vivo-Like Structural Barrier Properties
Endocervical EC form intercellular tight junctional complexes to maintain tissue integrity and establish an impermeable barrier [4] . Next, to test the EC ability to form tight junctional complexes of 3-D endocervical aggregates against a relevant destructive agent, we exposed them to the spermicidal detergent N-9 [31] . N-9 destroys tissue integrity and causes epithelial permeability in the FRT; therefore, we wanted to determine whether the 3-D model displayed levels of N-9 resistance similar to those previously documented for cervical explant tissue (Fig. 2) [31, 32] . ML and 3-D endocervical EC were exposed to various concentrations of N-9 for 4 or 24 h, and after each time point, cellular viability and metabolism were determined using the MTT assay. We found that 3-D endocervical cells maintained a significantly (P , 0.05 to P , 0.01) higher level of resistance to N-9 than the more susceptible ML cells and that this resistance was similar to epithelial permeability in cervical explants [32] . These data suggest that the junctional complexes of the 3-D endocervical aggregates function and contribute to the protective barrier necessary to maintain structure and function of the endocervix.
TLR Responsiveness to Microbial Products in 3-D Endocervical EC Aggregates
TLRs play a major role in maintaining the relatively microbe-free environment of the endocervix by sensing microbial products and eliciting an innate immune response. To determine whether the 3-D endocervical model possessed functioning and responsive TLRs, we exposed aggregates to a panel of TLR agonists (purified or synthetic microbial products) at previously published concentrations [23, 24, [33] [34] [35] . After 24 h of exposure, 3-D endocervical EC aggregates responded by proinflammatory cytokine secretion, specifically to TLR1/2, TLR3/5, and TLR2/6 agonists (Fig. 3, A-D) . Endocervical EC aggregates also elicited an anti-inflammatory response with the production of IL1-Ra (Fig. 3E) . Importantly, this pattern of TLR responsiveness is consistent with primary endocervical cells and endocervical tissue in which the previously published endocervical monolayer TLR responsiveness data can serve as a baseline for comparison [24, 36] .
Mucin Expression Is Increased in Response to Microbial Products
Mucus is an essential and abundant component of mucosal surfaces as it serves to lubricate and protect the underlying mucosal surfaces [14, 18, 37] . EM images illustrating the globular and string-like material covering 3-D endocervical EC aggregates (Fig. 1A) and MUC1 expression as observed by confocal microscopy (Fig. 1E) suggested mucus-like material composed of MUC1 is being synthesized and secreted from the aggregates. To systematically profile the type and magnitude of mucins being expressed by the 3-D endocervical EC, we performed qRT-PCR analysis of our 3-D and ML endocervical EC (Fig. 4A) . Similar to human endocervical tissue and cervical secretions, we observed MUC1, MUC4, MUC5AC, MUC6, and MUC16 to be the most highly expressed mucins in 
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the 3-D model, and these levels were significantly higher than those of ML cells [12, 19, 38, 39] . Expanding on the previously established mucin profile of the endocervix, we profiled additional mucins, including MUC2, MUC3, and MUC17, all of which were minimally expressed. In sum, these data demonstrate that this 3-D endocervical EC model exhibits a mucin profile similar to that of human endocervical tissue and secretions.
Next, we investigated whether 3-D endocervical EC could modulate mucin expression in response to microbial products. Aggregates were exposed to a panel of microbial products that activate specific TLRs for 24 h, and we observed a significant (P , 0.05) increase in MUC1 expression in response to both viral (poly I:C) and bacterial (FLA, PAM 3 CSK 4 , and FSL-1) products (Fig. 4B) . MUC2, MUC3, MUC4, MUC5AC, MUC5B, MUC6, MUC16, and MUC17 were also systematically profiled for alterations in their expression levels upon microbial product stimulation. Interestingly, only MUC1, MUC4, and MUC16 expression levels were significantly increased (P , 0.05) in response to poly I:C (viral product) treatment (Fig. 4, C and D) . A TLR9 agonist (ODN2006) and TLR7/8 agonist (CL097) were used as a negative control as these TLR are expressed at low levels; however, we are only showing ODN2006 results for simplicity [24] . Exposure to ODN2006 did not alter mucin levels after stimulation, demonstrating TLR signaling specificity in altering mucin profiles. Taken together, these novel results demonstrate that microbial products differentially modulate the expression of membrane-associated mucins in endocervical EC.
3-D Endocervical EC Elicit a Distinct AMP Response to Specific Microbial Products
AMPs are a major innate defense mechanism at mucosal sites, but we know little about their induction and regulation in endocervical EC by microbial products. Using qRT-PCR, we therefore first profiled constitutive AMP expression in both ML and 3-D endocervical EC (Fig. 5A) . For all AMPs profiled, 3-D endocervical EC expressed significantly (P , 0.05 to P , 0.01) higher levels of AMP than ML cells. Furthermore, the most highly expressed AMP in the 3-D endocervical aggregates (SLPI, CCL20, and hBD1) is consistent with expression patterns and levels (;0.1-1.0 lg ml À1 ) observed in human endocervical mucus [40] [41] [42] [43] . To investigate the effects of microbial products on AMP levels, we then exposed 3-D endocervical EC to the same panel of TLR agonists as described in Figure 4 . Poly I:C exposure significantly (P , 0.05) increased only hBD-1, hBD-2, SLPI, and CCL20 expression (Fig. 4, B-D, and Fig. 5, B-E) , similar to the robust poly I:C-induced mucin expression. Exposure to bacterial products (FLA, PAM 3 CSK 4 , and FSL-1) also resulted in a significant increase of AMP, but the degree of modulation was dependent upon the specific microbial product. Taken together, our data suggest unique innate immune signatures emerge in the endocervix depending on the specific microbial product. These innate mediators not only respond to protect the host against pathogens but also fluctuate to maintain and regain homeostasis of the endocervix.
DISCUSSION
Here we describe the development of a 3-D human organotypic endocervical EC model that possesses many functional and structural characteristics analogous to those of the human endocervix. Using an RWV bioreactor culture system, we generated 3-D endocervical EC aggregates that displayed the hallmarks of differentiation (tight junctional complexes, secretory vessels, microvilli) as well as mucosal surface-specific innate immune receptors and mucins (Figs. 1-3 ) [2-4, 7, 24, 36] . Upon further characterization of the secretory material produced by the aggregates, we detected a mucin expression profile similar to that identified in human endocervical tissues and secretions (Fig. 4) [12, 13, 19, 38, 39] . The expression profile of AMPs produced by the 3-D endocervical aggregates was also consistent with AMP expression detected in cervical secretions (Fig. 5) [6, [40] [41] [42] . Hence, this model provides a unique resource to simultaneously study human mucin, AMP, and pathogen interactions. We also report, for the first time, that microbial products significantly up-regulated expression of the transmembrane mucins MUC1, MUC4, and MUC16 in the endocervix. AMPs that have been identified in human cervical secretions in vivo were also up-regulated in the 3-D endocervical EC aggregates upon bacterial and viral product stimulation, including CCL20, SLPI, hBD-1, and hBD-2 [6, [40] [41] [42] 44] . Mucin and AMP expression levels were each distinctively modulated by the panel of microbial products tested, suggesting endocervical EC selectively respond to specific microbes.
Our study highlights the dynamic interactions that occur among microbial products and mucins produced by EC. Understanding of microbe-mucin interactions is important, as these interactions occur at every mucosal site in the body and influence diverse cellular processes, such as innate immunity, microbiome microbial inhabitants, and cellular homeostasis [1, 18, 45, 46] . We provide a novel insight into how endocervical EC specifically respond to microbial products by altering their mucin levels. The viral double-stranded RNA mimic poly I:C caused substantial increases in transmembrane mucins MUC1, MUC4, and MUC16 expression levels in 3-D endocervical EC aggregates. MUC1, MUC4, and MUC16 specifically are known to play a critical role in lubricating and hydrating ocular surfaces, as well as in preventing pathogen penetrance into the eye [47, 48] . Despite the fact that we profiled both the 
MICROBIAL PRODUCTS ALTER CERVICAL MUCINS AND AMPS
membrane-associated and secreted mucins, only cell-associated mucins (MUC1, MUC4, and MUC16) were up-regulated. Interestingly, we did not identify any alterations in the expression of gel-forming mucins upon microbial product exposure, and this could be the result of regulation or modification at the protein level. For example, TNF-a has been shown to induce release of MUC1, MUC4, and MUC16 from the membrane, resulting in the soluble forms of the proteins to be present in tears [47] . In the 3-D endocervical model, poly I:C was shown to significantly increase TNF-a production (Fig. 3) . Taken together with our knowledge of ocular mucosal surfaces, TNF-a production following poly I:C exposure could potentially cause a release of MUC1, MUC4, and MUC16 from the 3-D endocervical EC aggregate membrane, creating a disadhesive barrier [45, 47] . The observed increased synthesis of these mucins may be a result of the cell replenishing these membrane-associated mucins released upon cytokine exposure.
The functions of each mucin are dependent upon their location in the body, and the protective barrier function of mucin observed on ocular surfaces might not serve the same protective role in the endocervix. Here, we focus our discussion Expression levels shown are representative mean 6 SD values from duplicate samples from at least three independent experiments. Statistical comparisons were made between untreated (untrx) and TLR agonist-treated EC by using the Student t-test. *P , 0.05; **P , 0.01. , and CCL20 (E) expression at 24 h postexposure with TLR agonists. All gene expression was normalized to that of GAPDH. Representative expression levels shown are the mean 6 SD values from duplicate samples from at least three independent experiments. Statistical comparisons were made between untreated (untrx) and TLR agonist-treated EC by using the Student t-test. *P , 0.05; **P , 0.01.
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on the protective function of mucin in response to pathogen exposure in the endocervix, but it is known that mucin also plays a role in reproduction [2, 49] . This site-specific difference in mucin function is also highlighted in the GI and respiratory tracts, in which numerous studies suggest that mucus covering these sites functions more as a pathogen receptor than a protective barrier [18, 37, 46] . Similar to GI and respiratory tract pathogens that ''hijack'' mucosa to establish infections, numerous sexually transmitted infection pathogens, including Neisseria gonorrhoeae, Chlamydia trachomatis, and Trichomonas vaginalis, also selectively adhere to mucins and produce proteases that degrade mucins and host defense components within the mucus [14, 18, 46, 50] . In addition, cervical mucus has been shown to significantly slow the diffusion rate of herpes simplex virus (HSV) compared to a PBS control liquid, although mucus had no effect on human papilloma virus (HPV) diffusion rate [51, 52] . Development of sexually transmitted infection models in this mucus-producing 3-D endocervical EC system will help to further elucidate the mucus-pathogen interactions specific to this site.
Endocervical mucus may also contribute to an effective endocervical innate immune response by housing a diverse array of nonspecific AMPs [1, 14, 18] . Upon systematic profiling of our 3-D endocervical EC aggregates, we identified relatively high constitutive levels of AMP, similar to those found in endocervical tissues and secretions (Fig. 4) [40] [41] [42] [43] . However, only SLPI, CCL20, hBD-1, and hBD-2 levels were altered upon exposure to microbial products. Interestingly, CCL20 and hBD-2 but not SPLI levels were found to be increased in cervicovaginal secretions of women with sexually transmitted infections [42, [53] [54] [55] . SLPI concentrations were correlated with reduced rates of perinatal HIV-1 transmission, suggesting SLPI is important in creating a pathogen-resistant environment [42, 54] . In preliminary HSV-2 infection studies with 3-D endocervical EC aggregates, SLPI expression was decreased following infection (Radtke and Herbst-Kralovetz, unpublished data), therefore demonstrating SLPI modulation may be dependent upon the stimuli (live pathogen versus purified viral product).
The urogenital tract, which includes the endocervix, is among the tissues of the body shown to express the highest levels of hBD-1 [56] . HBD-1 expression is considered to be constitutive at these sites, unlike hBD-2 expression, which is predominantly induced at sites of inflammation (Fig. 5) [56] . Similar to recent studies using polarized endocervical EC and uterine EC, we provide data that shows hBD-1 expression is induced upon poly I:C exposure [22, 33] .
TLR3 activation by poly I:C has been shown to result in a cascade of defense signaling pathways that induce the activation of NF-jb, interferon production, cytokine/chemokine secretion, and, most recently, AMP expression alterations in the FRT [22, 57] . We have extended those studies by analyzing the effects of bacterial lipoproteins (Pam 3 CSK 4 , FSL-1) and flagellin (FLA) on these expression levels. We showed that modulation of the AMP expression profile was dependent upon the viral or bacterial product used and that no standard immune signature is demonstrated (Figs. 4 and 5) . We further expanded the innate defense gene profiling of the 3-D endocervical EC aggregates by monitoring changes in mucin expression after microbial product stimulation. Interestingly, poly I:C stimulation resulted in the most profound and consistent increase in membrane-associated mucin expression, whereas bacterial products did not induce such dramatic alterations (Fig. 4) . This viral product-induced increase in mucin could potentially serve as a protection mechanism for the host [51, 52] . In contrast, the modest changes in mucin expression following exposure to bacterial products could serve to protect the EC by providing an environment that does not promote bacterial adhesion and infection as previously discussed [14, 18] . These findings demonstrate a unique innate defense signature produced by the 3-D endocervical aggregates in response to specific microbial products. Further studies need to be conducted using live viral and bacterial pathogens to confirm these signatures.
The structure, function, and immune responsiveness of the complex biosystem of cells that form the FRT are greatly influenced by the mucosal environment. Our data show that EC grown under a physiologically low fluid shear environment in an RWV bioreactor results in mucin, AMP expression, and responses to microbial products that are similar to in vivo human tissue. However, the 3-D endocervical model is not limited to the study of innate immune mechanisms, and our model can be modified to recapitulate different FRT microenvironments (which vary in pH, hormone effect, cellular complexity, commensal microflora, and other characteristics). Together with our previously published 3-D vaginal EC model [23] , we have the capability to study site-specific differences in FRT biology. Studies with our 3-D FRT models can now be expanded but not limited to such areas as hormone regulation, novel therapeutics, genital microbiome, fertility/reproduction, cancer biology, and other disciplines that would benefit from an organotypic model system that accurately predicts human FRT tissue responses.
